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NADP+-dependent D-threonine dehydrogenase (EC 1.1.1.-), which catalyzes the oxidation of the 3-hydroxyl
group of D-threonine, was purified to homogeneity from a crude extract of Pseudomonas cruciviae EFO 12047.
The enzyme had a molecular mass of about 60,000 Da and consisted of two identical subunits. In addition to
D-threonine, D-threo-3-phenylserine, D-threo-3-thienylserine, and D-threo-3-hydroxynorvaline were also sub-
strates. However, the other isomers of threonine and 3-phenylserine were inert. The enzyme showed maximal
activity at pH 10.5 for the oxidation of D-threonine. The enzyme required NADP+. NAD+ showed only slight
activity. The enzyme was not inhibited by EDTA, o-phenanthroline, c,a'-dipyridyl, HgC12, or p-chloromer-
curibenzoate but was inhibited by tartronate, malonate, pyruvate, and DL-2-hydroxybutyrate. The inhibition
by these organic acids was competitive against D-threonine. Initial-velocity and product inhibition studies
suggested that the oxidation proceeded through a sequential ordered Bi Bi mechanism. The Michaelis constants
for D-threonine and NADP+ were 13 and 0.12 mM, respectively.
A variety of L-amino acid dehydrogenases have been
extensively studied, as reviewed by Ohshima and Soda (18),
and used for the synthesis or determination of L-amino acids
(10, 18). However, no pyridine nucleotide-dependent
D-amino acid dehydrogenases have been reported, although
dye-dependent D-amino acid dehydrogenases have been
found in various bacteria (2, 8, 14, 15, 19, 21, 28, 31). During
screening of NAD(P)+-dependent D-amino acid dehydroge-
nases for use for the synthesis of D-amino acids, we found a
novel NADP+-dependent D-threonine dehydrogenase (EC
1.1.1.-) in crude extracts of some bacteria. D-Threonine
dehydrogenase catalyzes the oxidation of the 3-hydroxyl
group of D-threonine to yield D-2-amino-3-ketobutyrate,
which is spontaneously decarboxylated into aminoacetone
(17). Aminoacetone is also formed by an L-threonine dehy-
drogenase reaction. L-Threonine dehydrogenase (EC
1.1.1.103), however, is NAD+ specific and does not act on
D-threonine (1, 3, 16, 23, 27). We investigated the distribu-
tion of D-threonine dehydrogenase in bacteria and found that
Pseudomonas cruciviae IFO 12047 has the highest enzyme
productivity. The purification and characterization of D-thre-
onine dehydrogenase are of significant interest, since no
NAD(P)+-dependent D-amino acid dehydrogenase has been
characterized and because they allow a comparison with
L-threonine dehydrogenase.
We describe here the purification and characterization of
D-threonine dehydrogenase from P. cruciviae IFO 12047.
MATERIALS AND METHODS
Materials. NAD+, NADP+, and NADPH were obtained
from Kojin Biochemicals, Tokyo, Japan; DL-threo-3-phenyl-
serine, DL-3-thienylserine (threo form), DL-threo-3-hydroxy-
norvaline, bovine serum albumin, catalase, ovalbumin, yeast
alcohol dehydrogenase, a-chymotrypsinogen A, and myo-
globin were purchased from Sigma Chemical Co., St. Louis,
Mo.; DEAE-cellulose was supplied by Serva, Heidelberg,
* Corresponding author.
Germany; 2',5'-ADP-Sepharose 4B, a Mono Q HR5/5 anion-
exchange (0.5 by 5 cm), and Phenyl-Superose HR5/5 (0.5 by
5 cm) columns were obtained from Pharmacia, Uppsala,
Sweden; a TSK gel G3000SW column (0.75 by 60 cm) and a
TSK gel Enantio Li column (0.46 by 25 cm) were obtained
from Tosoh, Tokyo, Japan; and marker proteins for molec-
ular weight determinations were purchased from Oriental
Yeast, Osaka, Japan. Hydroxyapatite and DL-erythro-3-
phenylserine were prepared by the method of Tiselius et al.
(26) and Greenstein and Winitz (9), respectively. D-Glu-
cosaminate was a generous gift from Ryoko Kurushima,
Nara Women's University, Nara, Japan. Other chemicals
used were analytical-grade reagents.
Medium and culture conditions. The bacteria were cultured
with a medium (pH 7.2) containing 1.5% peptone, 0.2%
KH2PO4, 0.2% K2HPO4, 0.2% NaCl, 0.01% yeast extract,
and 0.01% MgSO4- 7H20. Large-scale cultivation was car-
ried out in 2-liter flasks containing 750 ml of the medium at
30°C for 24 h on a reciprocal shaker. The cells harvested by
centrifugation were washed twice with 0.85% NaCl and
stored at -20°C until used.
Enzyme assay. The standard reaction mixture contained 40
,umol of D-threonine, 1 ,umol of NADP+, 200 ,umol of
glycine-KCl-KOH buffer (pH 10.5), and enzyme in a final
volume of 1.0 ml. The substrate was replaced with water in
a blank. Incubation was carried out at 30°C in a cuvette with
a 1-cm light path. The reaction was started by the addition of
NADP+ and monitored by measuring the initial change in
A340 with a Shimadzu UV-140-02 double-beam spectropho-
tometer. One unit of enzyme was defined as the amount that
catalyzed the formation of 1 ,mol of NADPH per min in the
reaction. Specific activity was expressed as units per milli-
gram of protein. Protein was measured by the method of
Lowry et al. (13), with crystalline bovine serum albumin as
the standard. Concentrations of purified enzyme were de-
rived from the A280. The absorption coefficient (Al%0'm at 280
nm = 7.41) was estimated by the method of Scopes (24).
Electrophoresis. Disc gel electrophoresis was performed
by the method of Davis (6). Protein was stained with 0.04%
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Coomassie brilliant blue G-250 in 3.5% HCl04. The enzyme
was stained for activity with a solution (4.0 ml) containing 40
,mol of D-threonine, 4 ,umol of NADP+, 800 ,umol of Tris
hydrochloride buffer (pH 9.0), 40 ,ug of phenazine methosul-
fate, and 400 ,ug of Nitro Blue Tetrazolium salt. Sodium
dodecyl sulfate (SDS)-disc gel electrophoresis was carried
out by the method of Weber and Osborn (29).
Determination of molecular mass. The molecular mass was
determined at room temperature by high-pressure liquid
chromatography (HPLC) on a TSK gel G3000SW column(0.75 by 60 cm) at a flow rate of 0.7 ml/min and an elution
buffer consisting of 0.1 M potassium phosphate buffer (pH
7.0) containing 0.3 M NaCl. A calibration curve was made
with the following proteins: yeast glutamate dehydrogenase(290,000 Da), pig heart lactate dehydrogenase (142,000 Da),
yeast enolase (67,000 Da), yeast adenylate kinase (32,000
Da), and horse cytochrome c (12,400 Da). The molecular
mass of the subunit was estimated by SDS-disc gel electro-
phoresis (29) with the following standard proteins: catalase(60,000 Da), ovalbumin (43,000 Da), yeast alcohol dehydro-
genase (37,000 Da), a-chymotrypsinogen A (25,700 Da), and
myoglobin (17,200 Da).
Isoelectric point. The isoelectric point of the enzyme was
measured by chromatofocusing by using a Mono P HR5/20
column which was equipped with a Pharmacia fast protein
liquid chromatography system.
Analysis of N-terminal amino acid. The N-terminal amino
acid analysis of the enzyme was done by automated Edman
degradation with an Applied Biosystems model 470A gas-
phase protein sequencer. The phenylthiohydantoin amino
acid derivatives were identified with an Applied Biosystems
model 120A phenylthiohydantoin derivative on-line ana-
lyzer. About 0.24 nmol of the enzyme dissolved in 70%
formic acid was used.
Purification of D-threonine dehydrogenase. All procedures
were performed at 0 to 5°C, and potassium phosphate buffer(pH 7.4) containing 0.01% 2-mercaptoethanol was used in
the purification procedures unless otherwise stated.(i) Step 1. Washed cells (about 1.3 kg [wet weight]) were
disrupted in a mortar with the same volume of aluminum
oxide and sea sand and extracted with 2.5 liters of 0.1 M
buffer (pH 7.2) containing 0.02% 2-mercaptoethanol. The
supernatant solution obtained by centrifugation was used as
the crude extract.
(ii) Step 2. To the crude extract (2,765 ml) was added solid
ammonium sulfate to 30% saturation, with stirring. After 1 h,
the precipitate was removed by centrifugation. The super-
natant was brought to 55% saturation with solid ammonium
sulfate. The precipitate collected by centrifugation was
dissolved in 10 mM buffer containing 10% glycerol and
dialyzed against the same buffer.(iii) Step 3. The enzyme solution (995 ml) was applied to
two DEAE-cellulose columns (4.8 by 37 cm) equilibrated
with 10 mM buffer containing 10% glycerol. After the
columns were washed thoroughly with buffer and then with
buffer supplemented with 0.1 M KCl, the enzyme was eluted
with buffer containing 0.15 M KCl and buffer containing 0.2
M KCl. The active fractions were pooled and concentrated
by ultrafiltration with a Pellicon Labocasette (Nihon Milli-
pore, Ltd., Tokyo, Japan) equipped with PT filters.(iv) Step 4. The enzyme solution (230 ml) was applied to a
hydroxyapatite column (3.3 by 26.7 cm) equilibrated with 10
mM buffer (pH 7.4) containing 10% glycerol. After the
column was washed with the same buffer and 20 mM buffer(pH 7.4) containing 10% glycerol, the enzyme was eluted
with 40 mM buffer (pH 7.4) containing 10% glycerol. The
active fractions were concentrated with a Pellicon Laboca-
sette, dialyzed against 10 mM buffer (pH 7.4) containing 10%
glycerol, and concentrated with an Amicon ultrafiltration
unit equipped with a PM-10 membrane filter.
(v) Step 5. The enzyme solution (10 ml) was put in 5-ml
portions on a 2',5'-ADP-Sepharose 4B column (1.5 by 7.5
cm) equilibrated with 0.1 M buffer containing 10% glycerol.
After the column was washed with 10 mM buffer containing
10% glycerol, the enzyme was eluted with 0.1 M buffer
containing 10% glycerol. The active fractions were concen-
trated with an Amicon ultrafiltration unit and dialyzed
against 10 mM buffer containing 10% glycerol.
(vi) Step 6. The enzyme solution (13 ml) was applied to a
Mono Q HR5/5 anion-exchange column (0.5 by 5 cm) equil-
ibrated with 10 mM buffer containing 10% glycerol. The
column was equipped with a Pharmacia fast protein liquid
chromatography system and developed at room temperature
at a flow rate of 1.0 ml/min, with a 50-min linear gradient of
KCl (0.1 to 0.3 M). The active fractions were concentrated
with an Amicon ultrafiltration unit.
(vii) Step 7. The enzyme solution (4.0 ml), which was
dialyzed against 0.05 M buffer containing 1.7 M ammonium
sulfate and 10% glycerol, was applied to a Phenyl-Superose
HR5/5 column (0.5 by 5 cm) which was equipped with a
Pharmacia fast protein liquid chromatography system and
equilibrated with the same buffer. The column was devel-
oped at room temperature at a flow rate of 1.0 ml/min, with
a 30-min linear gradient of ammonium sulfate (1.7 to 0 M)
and with buffer without ammonium sulfate. The enzyme was
eluted with buffer without ammonium sulfate. The active
fractions were concentrated with an Amicon ultrafiltration
unit and stored at -20°C in the presence of 30% glycerol.
RESULTS
Bacterial distribution of D-threonine dehydrogenase. We
investigated the distribution of D-threonine dehydrogenase
in bacteria by using the peptone medium. As shown in Table
1, high activity was found in several strains of Pseudo-
monas, Alcaligenes, Escherichia, Klebsiella, and Hafnia.
Lower levels of activity were found in Proteus vulgans IFO
3167, Micrococcus luteus IFO 12708, and Envinia caroto-
vora IFO 3830. P. cruciviae IFO 12047 was chosen for
enzyme purification because it had the highest enzyme
productivity. The addition of D-threonine (0.1 to 0.25%) or
DL-threo-3-phenylserine (0.2 to 0.5%) to the culture medium
inhibited the growth of cells and did not increase the specific
activity. The highest total activity was obtained by cultivat-
ing the cells for 24 h at 30°C in medium containing 1.5%
peptone.
Purification of D-threonine dehydrogenase. A typical sum-
mary of the purification procedure is shown in Table 2. The
enzyme was purified about 5,600-fold with a 7.3% yield from
the crude extract. The purified enzyme showed a single band
on disc gel and SDS-disc gel electrophoreses (Fig. 1). The
protein band of the native enzyme stained with Coomassie
brilliant blue on the polyacrylamide gel coincided well with a
band stained for the enzyme activity.
Molecular mass and subunit structure. The molecular mass
of the enzyme was estimated to be approximately 64,000 Da
by gel filtration on a TSK gel G3000SW column and 60,000
Da by gel filtration on a Sephadex G-150 column. The
molecular mass of the subunit was calculated to be 30,000 Da
by SDS-disc gel electrophoresis. These results suggested
that the enzyme is a dimer composed of identical subunits.
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TABLE 1. D-Threonine dehydrogenase activities of various
strains of bacteria
Activityb
Straina (nmol/min/mg
of protein)
Escherichia coli Crooks ICR 0010 .............. ............. 1.59
Escherichia coli K-12 ICR 0050............................... 3.60
Klebsiella pneumoniae IFO 12059 .............. ............. 3.59
Aerobacter aerogenes ICR 0280 .............................. 1.24
Erwinia carotovora IFO 3830.................................. 0.33
Proteus vulganis IFO 3167...................................... 0.90
Proteus vulgais IFO 3851...................................... 0.77
Micrococcus luteus IFO 12708 ................................ 0.48
Alcaligenes faecalis ICR 0800 ................................. 4.17
Alcaligenes viscolactis ICR 820............................... 1.48
Hafnia alvei IFO 3731 .......................................... 1.38
Pseudomonas cruciviae IFO 12047 ............. ............. 17.0
Pseudomonasffragi IFO 3458.................................. 6.76
Pseudomonas chlororaphis IFO 3521 ........... ............ 4.14
Pseudomnonas aeruginosa IFO 3080 ............. ............ 2.16
Pseudomonas fluorescens IFO 3925 ............. ............ 3.47
Pseudomonas synxantha IFO 3913 ............. ............. 3.26
Pseudomonas stutzeni IFO 3773 .............................. 0.93
a The bacteria were cultured in peptone medium at 30°C for 24 h.
bThe activity was measured at pH 9.0 (Tris hydrochloride buffer). No
activity was found for the following organisms: Serratia marcescens ICR
0510, Serratia plymuthica ICR 0520, Proteus mirabilis IFO 3849, Morganella
morganii IFO 3848, Proteus reutgeri ICR 0650, Achromobacter polymorph
ICR 0880, Micrococcus luteus IFO 3066, Micrococcus flavus ICR 1820,
Micrococcus roseus IFO 3764, Bacillus megaterium ICR 1340, Bacillus brevis
IFO 3331, Bacillus licheniformis IFO 12200, Bacillus amyloliquefaciens IFO
3022, Agrobacterium radiobacter IFO 12664, Corynebacteriun glutamicum
ATCC 13032, Staphylococcus aureus IFO 3060, Bacterium mycoides ICR
2410, Pseudomonas putida IFO 3738, Xanthomonas maltophilia IFO 12690,
Pseudomonas alkanolytica ICR 3350, Brevibacterium iodinum IFO 3558,
Brevibacterium ammoniagenes IFO 12072, Brevibacterium linens IFO 12141,
Arthrobacter atrocyaneus IFO 12956, Terrabacter tumescens IFO 12960,
Rhodococcus erythropolis IFO 12320.
Only methionine was identified as the N-terminal amino acid
of the enzyme. The isoelectric point of the enzyme was 4.5.
Absorption spectrum. The absorption spectrum of the
enzyme in 10 mM potassium phosphate buffer (pH 7.4)
containing 10% glycerol showed an absorption maximum at
274 nm. No absorption peak was detected in the region from
300 to 500 nm, indicating that pyrroloquinoline quinone
derivatives and flavin adenine dinucleotide are not bound to
the enzyme.
Stability. Although the crude enzyme was stable, the
purified enzyme was unstable, especially in the absence of
glycerol. When heated for 10 min in 10 mM potassium
phosphate buffer (pH 7.4) containing 10% glycerol, the
enzyme was stable at up to 40°C. Upon incubation at 40°C
for 10 min, the enzyme was most stable over a pH range of
6.6 to 9.5.
A B
FIG. 1. Polyacrylamide disc gel electrophoresis of the purified
enzyme. (A) Purified enzyme (5 pg) was electrophoresed at a
current of 2.5 mA by the method of Davis (6). (B) Purified enzyme
was treated with 1% SDS and 0.1% 2-mercaptoethanol by the
method of Weber and Osborn (29). The SDS-treated enzyme (3 ,ug)
was electrophoresed in the presence of 0.1% SDS at a current of 6
mA.
Effect of pH and coenzyme on the enzyme activity. The
enzyme showed maximal activity at pH 10.5 for the oxida-
tion of D-threonine. The activities at pH 9.0 and 7.5 were 20
and 1.5% of the activity obtained at pH 10.5. The enzyme
required NADP+ as a coenzyme, and NAD+ showed only
slight activity (4.5% of the activity obtained with NADP+).
Substrate specificity. The enzyme was specific for D-thre-
onine, and the other three isomers of threonine were not
substrates. In addition to D-threonine, a couple of deriva-
tives of D-threonine, namely, DL-threo-3-phenylserine and
DL-threo-3-thienylserine, were used, and they were better
substrates than D-threonine. DL-threo-3-Hydroxynorvaline
was a poor substrate (Table 3). Although DL forms of these
compounds were used, analyses of these reaction mixtures
by HPLC with a TSK gel Enantio Li column showed that
only D forms of these compounds were substrates. D-Serine,
DL-erythro-3-phenylserine, DL-3-hydroxybutyrate, 3-hy-
droxypropionate, 1-amino-2-propanol, and L-homoserine
were inert.
Inhibitors. The enzyme was not inhibited by EDTA (1
mM), a,a'-dipyridyl (1 mM), o-phenanthroline (1 mM),
p-chloromercuribenzoate (0.1 mM), HgCl2 (0.1 mM), or
monoiodoacetate (1 mM). Metal ions (1 mM) such as Cu21,
Mg2+, Mn2+, Co +, and Zn2+ did not influence enzyme
activity. The enzyme, however, was inhibited 82, 77, 43, and
24% by 10 mM tartronate, 10 mM malonate, 10 mM pyru-
TABLE 2. Summary of purification of D-threonine dehydrogenase from P. cruciviae IFO 12047
Step no. (prepn or column) Total protein' (mg) Sp act (U/mg) Total activity (U) Yield (%)
1 (Crude extract) 24,400 0.086 2,100 100
2 (Ammonium sulfate) 15,400 0.133 2,040 97
3 (DEAE-cellulose) 2,580 0.698 1,810 85.9
4 (Hydroxyapatite) 474 2.21 1,050 49.9
5 (2',5'-ADP-Sepharose 4B) 8.10 78.3 634 30.2
6 (Mono Q HR5/5) 1.31 218 286 13.6
7 (Phenyl-Superose HR5/5) 0.318 482 153 7.3
a The concentration of the purified enzyme after the DEAE-cellulose step was determined from the A2w, using the extinction coefficient (A'°m at 280 nm
7.4).
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TABLE 3. Substrate specificity of D-threonine dehydrogenase
Substratea Vm. mKmb V.K(U/mg) (MM) VmxK
D-Threonine 482 8.0 60.3
DL-threo-3-Hydroxynorvaline 145 5.3 27.4
DL-threo-3-Phenylserine 771 1.8 428
DL-threo-3-Thienylserine 1,230 2.9 424
a The following were inert: L-threonine, D-allo-threonine, L-allo-threonine,
DL-erythro-3-phenylserine, D-serine, L-serine, DL-homoserine, (R)-l-amino-2-
propanol, (S)-1-amino-2-propanol, DL-3-hydroxybutyrate, DL-2-hydroxybu-
tyrate, DL-4-amino-3-hydroxybutyrate, 3-hydroxypropionate, DL-3-hy-
droxyphenylethylamine, DL-2-amino-3-phenylbutyrate, DL-phenyllactate,
D-alanine, D-valine, D-leucine, D-methionine, D-tryptophan, D-phenylalanine,
D-asparagine, D-lysine, D-histidine, D-arginine, D-aspartate, D-glutamate,
D-norleucine, D-allylglycine, D-2-aminobutyrate, cis-4-hydroxy-D-proline,
L-alanine, L-leucine, L-isoleucine, L-methionine, L-phenylalanine, L-proline,
L-glutamate, L-norvaline, L-glutamine, L-lysine, L-arginine, L-aspartate, DL-
threo-3-hydroxyaspartate, DL-lactate, DL-2-hydroxyisovalerate, tartronate,
malonate, DL-2-hydroxyglutarate, D-mandelate, L-tartrate, D-tartrate, D-pen-
icillamine, 3-hydroxyanthranilate, D-glucosamine, D-galactosamine, D-man-
nosamine, D-glucosaminate.
b The Km values were obtained from the secondary plots of intercepts
versus the reciprocal concentrations of the substrates and are shown for the D
forms.
vate, and 20 mM DL-2-hydroxybutyrate, respectively. The
enzyme was not inhibited by L-threonine, L-allo-threonine,
D-allo-threonine, D-serine, L-serine, DL-homoserine, 3-hy-
droxypropionate, or DL-3-hydroxybutyrate.
Kinetics. To determine the Km values, initial-velocity
studies were performed with D-threonine as a variable sub-
strate in the presence of several fixed concentrations of
NADP+. Plots of reciprocals of initial velocities against
reciprocals of D-threonine concentrations gave a family of
straight lines which intersected in the left quadrant (Fig. 2).
0.2 0.4
1 /ED-ThrJ, mM_1
FIG. 2. Double-reciprocal plots of initial velocity versus D-thre-
onine concentration at a series of fixed concentrations of NADP+.
The concentrations of NADP+ used were 0.025 mM (1), 0.04 mM
(2), 0.05 mM (3), 0.1 mM (4), and 0.2 mM (5). The enzyme (0.27 ,ug)
was used, and velocity (V) was expressed as micromoles ofNADPH
formed per minute. The inset shows secondary plots of the inter-
cepts versus the fixed NADP+ concentrations.
0.2 0.4 10 20
1 /ED-ThrJ, mM-1 1 /ENADPJ], mM-1
FIG. 3. Product inhibition by NADPH. (A) Product inhibition by
NADPH with D-threonine as the varied substrate. NADP+ was held
at a constant concentration (0.1 mM). The concentrations of
NADPH used were 0 FLM (1), 50 ,uM (2), and 125 p,M (3). The inset
shows secondary plots of the intercepts versus the fixed NADPH
concentrations. (B) Product inhibition by NADPH with NADP+ as
the varied substrate. D-Threonine was held at a constant concentra-
tion (100 mM). The concentrations of NADPH used were 0 p,M (1),
50 ,uM (2), and 125 p,M (3). Velocity (V) was expressed as micro-
moles of NADPH formed per minute.
When NADP+ was used as a variable substrate, similar
straight lines intersecting in the left quadrant were obtained.
These results indicate that the reaction proceeds via the
formation of a ternary complex of the enzyme with NADP+
and D-threonine and rule out the possibility of a Ping-Pong
mechanism (4). The Km values for NADP+ and D-threonine
were calculated to be 120 ,uM and 13 mM, respectively, from
the secondary plots of intercepts versus reciprocal concen-
trations of the other substrate.
The product inhibition studies showed that the inhibition
by NADPH was competitive against NADP+ and was non-
competitive against D-threonine (Fig. 3). The replots of they
intercepts of Fig. 3A against the concentrations of NADPH
gave a straight line (Fig. 3A, inset). The results suggest that
NADP+ and NADPH can bind to the free form of the
enzyme and rule out the possibility of a random mechanism
(4).
The inhibitions by tartronate, malonate, pyruvate, and
DL-2-hydroxybutyrate were competitive against D-threonine
and uncompetitive against NADP+. The inhibition patterns
of malonate are shown in Fig. 4. These inhibition patterns
are consistent with a sequential ordered mechanism. The K1
values against D-threonine and NADP+, respectively, were
as follows: 0.6 and 2.7mM for tartronate, 1.0 and 4.4 mM for
malonate, 1.6 and 12.7 mM for pyruvate, and 11 and 58 mM
for DL-2-hydroxybutyrate.
The results obtained from these initial-velocity and prod-
uct inhibition studies and inhibition patterns by organic acids
suggested that the enzyme reaction proceeds through the
sequential ordered Bi Bi mechanism, in which NADP+ binds
first to the enzyme and is followed by D-threonine and the
sequence of product release is 2-amino-3-ketobutyrate and
NADPH (4).
DISCUSSION
We have purified and characterized the NADP+-depen-
dent D-threonine dehydrogenase from P. cruciviae IFO
12047. The enzyme showed high substrate specificity for
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FIG. 4. Inhibition by malonate with D-threonine and NADP+ as
the varied substrates. (A) Inhibition by malonate with D-threonine
as the varied substrate. NADP+ was held at a constant concentra-
tion (0.1 mM). The concentrations of malonate used were 0 mM (1),
2 mM (2), and 10 mM (3). (B) Inhibition by malonate with NADP+
as the varied substrate. D-Threonine was held at a constant concen-
tration (50 mM). The concentrations of malonate used were 0 mM
(1), 4 mM (2), and 10 mM (3). Velocity (V) was expressed as
micromoles of NADPH formed per minute.
3-hydroxy-D-amino acids and did not act on L-amino acids,
3-hydroxy organic acids, or amino sugars. Thus, this is the
first NAD(P)+-dependent amino acid dehydrogenase shown
to work specifically on D-amino acids.
The enzyme catalyzes the oxidation of the 3-hydroxyl
group of D-threonine. This is similar to the L-threonine
dehydrogenase reaction. L-Threonine dehydrogenases from
Escherichia coli (3), chicken liver (1), goat liver (23), and
pork liver (27) have been purified and characterized. L-Thre-
onine dehydrogenases are tetramers (molecular masses,
100,000 to 140,000 Da) (3, 27) or monomers (molecular
masses, 88,000 to 89,000 Da) (1, 23), whereas D-threonine
dehydrogenase is a dimer (molecular mass, 60,000 Da).
D-Threonine dehydrogenase shows maximal activity at an
alkaline pH. The high activity of the enzyme at a higher pH
is similar to those of L-amino acid dehydrogenases (18),
including L-threonine dehydrogenase from E. coli (3).
L-Threonine dehydrogenase is a member of Zn-dependent
alcohol dehydrogenases. The enzyme from an Arthrobacter
sp. is inhibited by EDTA and activated by Zn2+, Co2+, and
Mn2+ (16). The enzyme from E. coli contains 1 mol of Zn2+
per mol of subunit and is activated by added Mn2+ or Cd2+
(7). The E. coli enzyme is also inhibited by p-chloromer-
curibenzoate and 5,5'-dithiobis(2-nitrobenzoic acid) (3), and
activation by Mn2+ is thiol dependent (5, 7). D-Threonine
dehydrogenase was not influenced by EDTA, o-phenanthro-
line, metal ions, or SH inhibitors. In these respects, D-thre-
onine dehydrogenase is different from L-threonine dehydro-
genase.
Although D-threonine dehydrogenase catalyzes the oxida-
tion of the 3-hydroxyl group of D-threonine, both the amino
and carboxyl groups of D-threonine are essential, since
DL-3-hydroxybutyrate and 1-amino-2-propanol are not sub-
strates. L-Homoserine and DL-4-amino-3-hydroxybutyrate
are also inactive, indicating that both the amino and hy-
droxyl groups must remain at the proper positions. Since
D-serine is not a substrate, the methyl group in the D position
is also required. However, the methyl group of D-threonine
can be modified to ethyl, phenyl, and thienyl groups. The
presence of a hydrophobic side chain in the position
increases the affinity of the substrate for the enzyme, and
an electron-attracting group such as phenyl or thienyl at
the 1B position increases the reactivity (Table 3). A compar-
ison of the VmjIC/Km values of the substrates indicates that
the most favorable substrate of the enzyme is D-threo-3-
phenylserine (Table 3). Thus, the enzyme might be named
D-threo-3-phenylserine dehydrogenase. We, however, tenta-
tively named the enzyme D-threonine dehydrogenase, be-
cause we found the enzyme by using D-threonine. D-Threo-
nine and D-threo-3-phenylserine are synthetic compounds
and have not been found in the free form in nature, al-
though the toxic peptide phalloidine contains D-threonine
(30). The true physiological substrate of this enzyme is not
yet clear.
Initial-velocity studies indicate that the reaction is sequen-
tial. Since 2-amino-3-ketobutyrate is unstable and spontane-
ously decarboxylated into aminoacetone (12), product inhi-
bition studies were possible only with NADPH and showed
that NADP+ and NADPH bind to the free form of the
enzyme. To determine the order of substrate binding, dead-
end inhibitors were used (4). Inhibitions by tartronate,
malonate, pyruvate, and DL-2-hydroxybutyrate were com-
petitive against D-threonine and uncompetitive against
NADP+. These inhibition patterns are consistent with the
ordered addition of NADP+ followed by D-threonine. Al-
though a mechanism of the Theorell-Chance type could not
be ruled out, the D-threonine dehydrogenase reaction should
proceed through an ordered Bi Bi mechanism, in which
NADP+ binds first to the enzyme and is followed by
D-threonine and 2-amino-3-ketobutyrate leaves the enzyme
before the release of NADPH. This mechanism is similar to
that of the L-threonine dehydrogenase reaction (1).
Although various bacteria contain D-threonine dehydroge-
nase, the physiological role of this enzyme is not clear. P.
cruciviae could not utilize D-threonine as the sole source of
carbon and nitrogen. The addition of 0.1% D-threonine to the
culture medium inhibited the growth about 40%, and 0.5%
D-threonine inhibited the growth completely. A D-threonine-
resistant mutant obtained by the N-methyl-N'-nitro-N-ni-
trosoguanidine treatment showed D-threonine dehydroge-
nase activity similar to that in wild-type cells when the
mutant was cultured in peptone medium. However, D-thre-
onine dehydrogenase was repressed and both L-threonine
dehydrogenase and D-threonine dehydratase were induced
when the mutant was cultured in medium containing 1%
D-threonine (data not shown). D-Threonine dehydratase may
function in D-threonine degradation in the mutant. D-Threo-
nine dehydratase, however, was not induced in the wild-type
cells, and D-threonine was toxic for the wild-type cells
described above. Moreover, D-threonine dehydrogenase
showed a low affinity for D-threonine. Thus, it seems un-
likely that D-threonine dehydrogenase plays a role in D-thre-
onine degradation, while L-threonine dehydrogenase func-
tions as the first step in L-threonine degradation (3, 11, 20,
22). In the case of glutamate dehydrogenases, the NADP+-
specific enzymes are implicated in an anabolic function and
the NAD+-specific enzymes are responsible for glutamate
catabolism (25). D-Threonine dehydrogenase is NADP+ spe-
cific and is formed constitutively. The enzyme may be
involved in the biosynthesis of a compound which has a
structure similar to that of D-threonine. Characterization of
the physiological substrate of this enzyme and biochemical
characterization of a mutant defective in D-threonine dehy-
drogenase will provide insight into understanding the phys-
iological function of the enzyme.
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